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DNA-functionalized	 nanoparticles	 are	 versatile	 models	 for	 exploring	 colloidal	 self-
assembly	due	to	the	highly	specific,	tunable	and	thermally	reversible	binding	between	DNA	
strands.	 	 	Gold	nanoparticles	coated	with	DNA	were	used	 to	 investigate	 the	 temperature-
dependent	 interaction	 potentials	 and	 the	 gel	 formation	 in	 DNA-colloidal	 systems.	 	 The	
electronic	 conductivity	 and	 the	plasmonic	 response	of	 the	DNA-gold	 gels	were	 studied	 to	
explore	 their	 applicability	 as	 porous	 electrodes	 and	 SERS	 substrates,	 respectively.		
Subsequently,	 silica	 nanoparticles	were	 assembled	 into	 nanostructures	 that	 preferentially	
scatter	 blue	 light	 using	 both	 DNA	 and	 polymer-colloid	 interactions.	 	 Finally,	 rod-sphere	
structures	 made	 from	 DNA-coated	 gold	 nanoparticles	 and	 viruses	 were	 explored,	
demonstrating	how	high-aspect	ratio	building	blocks	can	create	composite	structures	with	
increased	porosity.		The	gold-virus	gel	structures	inspired	the	design	and	assembly	of	a	silicon-
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across	 fields	 as	 varied	 as	 transportation17,	 communications18,	 computing19	 and	
biotechnology20.	 	However,	 forming	three-dimensional	macroscopic	materials	with	 feature	
sizes	 on	 the	 order	 of	 hundreds	 of	 nanometers	 remains	 a	 challenge	 for	 current	materials	
processing	techniques.		Because	of	this,	the	benefits	of	nanostructuring	have	not	been	widely	
extended	 to	 large-scale,	 three-dimensional	 applications	 with	 perhaps	 the	 exception	 of	




Self-assembly	 is	 a	 widely	 accepted	 concept	 for	 synthesizing	 low-cost	 three-
dimensional	nanostructured	materials	and	is	amply	studied	in	the	scientific	literature.22		Top-
down	 patterning	 methods,	 such	 as	 interference	 lithography23,	 have	 been	 successful	 in	
creating	planar	geometries	on	the	macro-scale.		By	contrast,	bottom	up	techniques,	such	as	
those	using	block	copolymers,	can	be	designed	to	self-assemble	in	three	dimensions24,	but	
these	 systems	are	 limited	 to	 feature	 sizes	of	 tens	of	nanometers	and	a	 finite	 thickness	of	
microns.		In	colloidal	self-assembly,	the	attraction	potentials	between	colloids	can	be	tuned	
to	 form	materials	with	short-range	order	and	characteristic	 length-scales	spanning	tens	of	
nanometers	 to	 tens	of	microns.	 	There	are	numerous	examples	 in	 the	 literature	 that	 take	
advantage	of	depletion	forces25	and	electrostatic	interactions6	to	self-assemble	colloids	into	
macroscopic	 structures.	 	 Coating	 colloids	 with	 DNA	 introduces	 an	 additional	 route	 for	
controlling	 the	 interaction	potentials	between	particles	and	DNA-coated	nanoparticles	are	




reversible	 binding.	 	 This	 unusual	 combination	 of	 properties	 makes	 DNA-functionalized	
nanoparticles	a	useful	model	system	for	studying	self-assembly.		DNA	(Deoxyribonucleic	acid)	
is	 of	 course	best	 known	 for	 coding	 the	 genetic	 information	of	 life	 and	has	 a	 double-helix	
	 12	
structure	consisting	of	two	anti-parallel	intertwining	sugar-phosphate	backbones	covalently	














the	 oligomers	 a	 particularly	 useful	 system	 for	 studying	 both	 the	 science	 underlying	 the	
directed	 self-assembly	 of	 nanoparticles	 and	 its	 potential	 device	 applications.	 	 This	 thesis	
focuses	on	the	photonic,	plasmonic,	electronic	and	electrochemical	applications	for	DNA	self-
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distance	 (~1/r7	 v.	 ~1/r6).29	 Under	 these	 assumptions,	 the	 interactions	 between	 two	 like	
spherical	 colloids	can	be	calculated	by	 integrating	 the	dispersion	 interaction	between	 two	
atoms	or	molecules:	
	𝑢5678(𝑟) = − ;<=>?@A 	,	 	 	 	 	(	2	)	
where	 Cdisp	 depends	 on	 the	 polarizability	 of	 the	 individual	 atoms	 or	 molecules,	 over	 the	
volume	of	the	two	colloids	to	obtain	the	expression,		
𝑈5678 𝑟 = − DE FGH@HIJGH − FGH@H + 𝑙𝑛 @HIJGH@H ,	 	 (	3	)	




















𝑈 𝑟 = OPQRSTUG F PVQWFXU@ 	,	 	 	 	 	(	4	)	
where	Q	 is	 the	 charge	 on	 the	 colloid,	 R	 is	 the	 radius	 of	 the	 colloid	 and	κ	 is	 the	decay	constant.	 	 In	 the	 limit	 of	 low	 potentials	 (below	 ~25	 mV),	 the	 Debye-Huckel	approximation,	a	simplified	expression	for	κ	can	be	expressed	as	a	function	of	physical	constants:	




𝑈bcde 𝑟 = OPfRSTUG F PVQWFXU@ 	− DE FGH@HIJGH − FGH@H + 𝑙𝑛 @HIJGH@H 	.	 (	6	)	
The	behavior	of	colloids	in	solution	is	well	described	by	the	DLVO	model.			At	short	distances	
(r	->	0),	dispersive	term	dominates	due	to	the	power	law	term	and	there	is	a	minimum	in	the	
DLVO	potential.	 	However,	 at	 distances	 r	 away	 from	 the	 colloid,	 the	net	potential	 can	be	
repulsive	 depending	 on	 the	 relative	 strength	 of	 the	 electrostatic	 term	 creating	 an	 energy	
barrier	against	aggregation.		For	colloids	with	highly	charged	surfaces	in	dilute	electrolytes	(a	
long	 Debye	 length),	 the	 electrostatic	 term	 will	 dominate	 leading	 to	 a	 strong	 repulsive	
potential	and	colloids	 that	are	 stable	against	aggregation.	 	 For	colloids	with	a	 low	surface	
charge	density	in	concentrated	electrolytes,	the	dispersion	term	again	dominates,	the	energy	







core	 repulsion,	 steric	 repulsion	 and	 depletion.	 	 Colloids	 are	 solid	 materials	 that	 do	 not	
interpenetrate	due	to	hard-core	repulsion	forces.		At	short	distances,	interactions	between	
non-reactive	 atoms	 are	 highly	 repulsive	 due	 to	 the	 Pauli	 exclusion	 principle.	 	 Hard-core	








dispersed	particles	are	present	 in	colloidal	solutions.	 	Depletion	 interactions	are	attractive	
forces	driven	by	the	solvent	and	not	a	force	originating	from	colloids	themselves.		These	non-









aggregation	at	 sufficient	 coating	densities.	 	At	 low	grafting	densities,	 single-stranded	DNA	














between	 ssDNA	 strands.35,	 36	 	 Each	 base-pair	 contributes	 1-3	 kBT	 to	 the	 free-energy	 of	
hybridization	 giving	 the	 ssDNA	 strands	 used	 in	 this	 thesis	 (7-10	 base-pairs)	 hybridization	
energies	on	the	order	of	tens	of	kBT	at	room	temperature.		Therefore,	when	hybridized,	these	
DNA	 strands	 are	 unlikely	 to	 become	unbound	 at	 room	 temperature.	 	 However,	 at	 higher	
temperatures	 the	 entropic	 energy	 exceeds	 the	 energy	 of	 the	 hydrogen	 bonding	 and	 the	
ssDNA	dissociate.	
The	hybridization	of	DNA	bound	to	colloids	is	a	collective	phenomenon	that	involves	
all	bases	 in	the	 interaction	volume	between	colloids’	surfaces.	 	For	colloids	with	high	DNA	
grafting	 densities	 involving	 tens	 of	 DNA	 strands,	 the	 free-energy	 of	 hybridization	 will	 be	
hundreds	of	kBT	and	be	on	the	order	of	magnitude	as	covalent	bonds.29	 	Despite	the	high	
attractive	energy	at	 room	temperature,	 the	potential	of	mean	 force	between	DNA-coated	
colloids	 eventually	 becomes	 repulsive	 at	 higher	 temperatures	 as	 the	 free-energy	 of	
hybridization	no	longer	exceeds	the	repulsive	electrostatic	and	entropic	energies.		
The	 degree	 of	 hybridization	 between	 two	 complementary	 strands	 of	 DNA	 can	 be	
measured	 using	UV	 absorption	 spectroscopy.	 	 At	 260nm,	 single-stranded	DNA	 has	 a	 37%	
greater	extinction	co-efficient	than	double-stranded	DNA.37		By	heating	and	cooling	solutions	
of	 complementary	 DNA	 strands,	 association/disassociation	 curves	 can	 be	 generated	 as	 a	
function	 of	 temperature.	 	 They	 are	 referred	 to	 as	 “melt”	 curves,	 where	 the	 melting	
temperature	is	defined	as	the	point	where	50%	of	the	DNA	is	hybridized.		The	melt	curves	for	
free	 DNA	 oligomers	 is	 much	 more	 gradual	 relative	 to	 DNA	 grafted	 to	 colloids	 (Error!	
Reference	source	not	found.).28		Both	increasing	the	grafting	density	and	the	number	of	base	
pairs	 in	 the	 ssDNA	 will	 steepen	 the	 melt	 transition	 and	 shift	 the	 melt	 curve	 to	 higher	





















superlattices.46,	 47	 	 While	 colloidal	 crystals	 made	 from	 DNACCs	 are	 interesting	 as	 model	
systems	for	understanding	atomic	structures	and	for	forming	micro-assemblies,	they	may	be	




unsuitable	 for	 forming	 larger	 crystals.	 	 The	 long	 timescales	 necessary	 for	 achieving	 the	
crystalline	phase	in	systems	with	strong	attraction	appear	to	be	impractical	due	to	both	the	
sharp	phase	transitions	 inherent	to	densely	coated	colloids	and	long	timescales	associated	
with	colloidal	diffusion.	 	Although	originally	there	was	little	 interest	 in	DNACCs	with	short-
range	 order,	 more	 recent	 studies	 have	 begun	 to	 study	 their	 properties	 and	 possible	
applications	 for	 three-dimensional	 self-assembly.13,	 21,	 48	 	 Unlike	 systems	 under	









	 The	 sequence	 specific,	 selective	 interactions	 of	 DNACC	 opens	 the	 possibility	 of	
forming	colloidal	gels	with	more	complex	morphologies	than	is	accessible	in	colloidal	systems	
with	 only	 short-range	 attraction	 potentials.	 	 Our	 group	 demonstrated	 the	 novelty	 of	 the	
selective	 binding	 accessible	 in	 DNACC	 systems	 with	 two	 sets,	 A	 and	 B,	 of	 0.5	 micron	










	 The	 de-mixing	 in	 the	 two-component	 system	 occurs	 through	 a	 kinetic-arrested	
spinodal	 decomposition	mechanism.13,	 21,	 52	 	 Similar	 to	 spinodal	 decomposition	 in	 atomic	
systems,	as	the	colloids	are	quenched	from	the	gas-phase,	density	fluctuations	grow	rapidly	
	 20	
due	 to	 the	 favorable	colloidal	 interacts.	 	 The	growth	of	 the	phase	 separation	will	 then	be	
arrested	due	the	high	energy	of	collective	DNA	binding,	which	prevents	coarsening	of	the	gel	
networks.	 	 In	 the	absence	of	non-specific	 interactions,	 two	phases	will	be	compositionally	
pure	since	non-complementary	colloids	will	repel.				
	 Alternative	strategies	such	as	multistep	aggregation	also	can	be	used	to	form	gels	with	
a	 core-shell	 structure.	 	 In	 this	 case,	 two	 complementary	 DNA	 sequence’s	 A	 and	 B	 were	
designed	with	Tm,	A	>	Tm,	B	(Tm,	A	-	Tm,	B	≈	10	°C),	such	that	when	Tm,	A	>T	>	Tm,	B,	the	A-red	colloids	












colloids	 are	 weak,	 colloids	 can	 rearrange	 due	 to	 thermal	 motion.	 	 However,	 once	 the	
Figure	 3:	 Bigel	 formation	 through	 spinodal	 decomposition	 in	 a	 two-component	 system	with	 A-colloids	









the	 finite	probability	 that	 the	colloids	will	aggregate,	which	 then	quickly	dissociate	due	 to	
thermal	energy.		As	the	volume	fraction	increases,	there	can	be	a	transition	to	where	there	
are	 sufficient	 transient	 clusters	 to	 percolate	 the	 full	 sample	 volume.	 	 At	 sufficiently	 high	
volume	 fractions,	 the	 clusters	 become	 longer	 lived	 such	 that	 they	 remain	 in	 place	 for	 a	
sufficient	time,	t,	that	the	phase	can	be	considered	glassy.		The	transition	between	the	gel	
and	the	glassy	state	is	often	defined	by	t,	the	time	it	takes	for	a	colloid	to	diffuse	one	colloid	
diameter	 away	 from	 its	 original	 position,	 with	 the	 time	 t=	100	 seconds	 demarcating	 the	
transition	between	the	two	states.6	
Figure	4:		A	sketch	of	a	phase	diagram	of	colloids	with	attractive	potentials.		When	quenched	into	the	




By	 cooling	 a	 colloidal	 dispersion	 into	 the	 two-phase	 region,	 the	 colloids	will	 phase	
separate	into	a	colloid-poor,	gas	phase	and	a	colloid-rich,	dense	(aggregated)	phase.		If	cooling	
into	the	two-phase	region	is	sufficiently	slow	and	the	attractions	are	sufficiently	weak	that	
the	colloids	can	rearrange,	 the	colloids	will	crystallize.	 	However,	 if	 the	cooling	 is	 fast,	 the	
colloids	will	instead	form	a	gel	without	long-range	order.		In	Figure	4,	the	distance	between	






Figure	 5	 shows	 a	 simplified	 phase	 diagram	 for	 thermally-reversible	 colloids	 with	
strong,	short-range	attractive	potentials	below	the	two-phase	region	and	strongly	repulsive	
potentials	above	 it,	which	 is	 the	case	 for	 the	DNACCs	 in	 this	work.	 	Above	 the	 two-phase	
region,	there	is	a	colloidal	gas,	since	the	strong,	repulsive	potential	keeps	the	colloids	from	
associating.	 	By	cooling	the	dispersion	 into	the	two-phase	region,	 the	potential	 transitions	
from	repulsive	to	attractive,	driving	the	phase	separate	into	a	kinetically-arrested,	colloid-rich	
gel	 and	 a	 colloid-poor	 gas.	 	 The	 strong	 attraction	 between	 colloids	 suppresses	 colloidal	
rearrangement,	preventing	crystallization.			
Figure	5:		A	sketch	of	a	simplified	phase	diagram	of	strongly	attractive	colloids	in	solution	undergoing	a	
thermally	 reversible	phase	 transition	 from	a	 colloidal	 dispersion	 to	 colloidal	 gel.	 	 The	 strong	attraction	
between	colloids	in	the	two-phase	region	suppresses	colloidal	rearrangement	and	prevents	crystallization.	
	 23	
To	 form	 colloidal	 gels	 with	 short-range	 order,	 it	 is	 the	 transition	 from	 the	
homogeneous	 gaseous	 phase	 to	 the	 two-phase	 region	 that	 we	 are	 interested	 in.	 	 The	
transition	typically	is	driven	by	reducing	the	temperature	of	a	colloidal	dispersion,	although	
we	will	see	later	in	section	5.2	that	it	can	also	be	induced	by	external	stimuli,	such	as	covalent	



































𝐹𝑜𝑟𝑚	𝐹𝑎𝑐𝑡𝑜𝑟	𝑥	𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒	𝐹𝑎𝑐𝑡𝑜𝑟 ∝ 𝑇𝑜𝑡𝑎𝑙	𝑆𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔.	 	(	7	)	
Figure	7:	 Examples	of	 the	 three	main	nanostructures	of	bird	 feather	 that	display	 structural	 color	 from	





It	will	be	shown	how	the	 form	factor	of	 the	colloidal	gel	can	be	decoupled	 from	the	 form	
factor	of	 the	colloidal	building	blocks	and	the	structure	factor	of	 the	colloidal	gel	by	using	




The	 nanostructuring	 of	 electrodes	 is	 a	 recognized	 opportunity	 for	 improving	 battery	
performance.62,	63		Three-dimensional	nanostructures	are	particularly	promising,	as	they	can	
enable	 idealized	battery	 geometries	 for	 optimizing	both	 the	power	 and	energy	density	of	
batteries.63	 	 Battery	 cycling	 rates	 are	 typically	 limited	 by	 the	 kinetics	 at	 the	 electrode	
interfaces,	mass	and	ionic	transport	through	the	bulk	materials	or	by	thermal	and	mechanical	
damage	 to	 the	 cell.	 	 Nanostructuring	 can	 potentially	 address	 each	 of	 these	 performance	
limitations	by	increasing	both	the	interfacial	surface	area	in	a	battery	and	increasing	the	mass	
of	 electrode	 material	 in	 contact	 with	 the	 electrolyte.	 	 Bringing	 the	 cathode,	 anode	 and	
electrolyte	 within	 tens	 to	 hundreds	 of	 nanometers,	 makes	 ionic	 and	mass	 transport	 less	























materials	 was	 originally	 a	 motivation	 for	 this	 thesis.	 	 The	 interpenetrating	 network	 bigel	
structure	is	an	interesting	concept	for	creating	electrochemical	devices	optimized	for	having	
high	surface	areas	and	short	distances	between	electrodes.	 	The	core-shell	bigel	 structure	
resembles	a	bulk	hetero-junction	 structure	 concept	 that	has	previously	been	explored	 for	
solar	cell	applications.69		However,	using	DNA-mediated	assembly	was	not	explored	in	these	






























using	 the	 Stöber	 sol-gel	 process.70	 	 Although	 the	 silica	 colloids	 used	 in	 this	 thesis	 were	
purchased	from	commercial	sources,	silica	colloids	were	prepared	using	the	Stöber	process	
to	gain	 familiarity	with	 the	synthesis	 technique	and	 the	potential	 for	 silica	colloids	can	be	
produced	at	scale.		In	a	typical	synthesis,	44.5	ml	of	Millipore	water	was	mixed	with	5	ml	of	
absolute	ethanol	and	0.5	ml	of	25%	aqueous	ammonia	and	stirred	for	30	minutes	in	a	round	
bottom	 flask.	Next,	 1	ml	of	 TEOS	 (tetraethyl	 orthosilicate)	was	 added	 to	 the	 solution	and	









addition	 of	 salt	 also	 reduces	 the	 Debye	 length	 of	 the	 colloids,	 potentially	 leading	 to	
aggregation.	 	 To	 circumvent	 this	 challenge,	 two	 approaches	 were	 used;	 the	 nanoparticle	
dispersions	were	either	salted	gradually	during	the	functionalization	process	or	the	particles	
were	 sterically	 stabilized	during	 the	 chemical	 reactions	between	 functional	 groups	on	 the	
surface	of	the	colloids	and	ends	of	DNA.	
	 At	the	start	of	this	thesis,	there	were	limited	protocols	for	coating	nanoparticles	with	
DNA	 other	 than	 noble	 metal	 nanoparticles	 using	 thiols.	 	 Therefore,	 it	 was	 necessary	 to	
develop	new	strategies	to	functionalize	the	silica	used	in	Chapter	4.		During	this	thesis,	new	
approaches	were	published	 that	paralleled	 the	approach	 taken	 in	 this	 thesis	 verifying	 the	




DNA	was	attached	to	gold	nanoparticles	using	 thiol-metal	 interactions	as	shown	 in	
Figure	 22.	 	 Citrate	 capped	 gold	 nanoparticles	 were	 purchased	 (Nanocomposix)	 at	 a	
concentration	of	0.05	mg/ml.		Concentrated	sodium	dodecyl	sulfate	(SDS)	was	added	to	10	
ml	of	gold	nanoparticle	solution	to	bring	the	concentration	of	SDS	in	solution	to	0.01%	and	
the	 suspension	 was	 concentrated	 to	 1.0	 mg/ml	 before	 adding	 25	 nM	 of	 activated	 thiol-
functionalized	DNA	(A	=	5’-	CCA	ATC	CAA	TTT	TTT	TTT	TTT	TTT	T/3ThioMC3-D/	-3’;	A’	=	
ATT	GGA	TTG	GTT	TTT	TTT	TTT	TTT	T/3ThioMC3-D/	-3’;	purchased	from	IDT)	in	10	mM	











DNA	was	 covalently	 linked	 to	 the	 gp8	major-coat	 proteins	 of	 the	 fd-virus	 capsoid	 using	 a	
slightly	modified	protocol	developed	by	Unwin	et	al.28		A	concentrated	fd-virus	stock	solution	
was	 diluted	 into	 10mM	 4-(2-hydroxyethyl)-1-piperazineethanesulfonic	 acid	 buffer	 (HEPES,	
Sigma-	Aldrich)	at	pH	7.0	to	make	0.5	ml	of	fd-virus	solution	at	a	concentration	of	0.25	mg/ml.	
To	 this	 solution,	 0.5	 mg	 of	 sulfosuccinimidyl-4-(N-maleimidomethyl)	 cyclohexane-1-
carboxylate	(sulfo-SMCC,	Pierce)	was	added	and	mixed	thoroughly.		The	mixture	was	then	left	
to	 sit	 at	 room	 temperature	 for	 1	 hour	 to	 functionalize	 the	 fd-virus	 with	 thiol-reactive	








The	mixture	was	 left	 to	 sit	 at	 room	 temperature	 for	 2	 hours	 and	 then	 dialyzed	 (100	 kDa	
MWCO	Spectrum	Labs	Float-A-Lyzer)	against	10	mM	Tris-EDTA	buffer	 solution	 (TE,	Sigma-
















the	 subsequent	 reaction	 with	 thiolated-DNA	 (50	 nM,	 same	 sequence	 used	 for	 gold	
nanoparticles)	activated	using	100	mM	DTT	and	purified	using	size	elution	chromatography.	
The	 solution	 was	 then	 salted	 step-wise	 0.5	 M	 NaCl	 to	 following	 the	 gold	 nanoparticle	
functionalization	protocol.		









on	 rollers	 overnight.	 	 The	 PEG	 functionalized	 nanoparticles	 were	 then	 washed	 by	
centrifugation	three	times	in	PB	to	remove	excess	reagent.			



















sodium	chloride	was	added	 to	 increase	 the	 salt	 concentration	of	 the	 suspension	 to	
150	mM	 and	 the	 reaction	 was	 left	 to	 proceed	 overnight.	 The	 DNA-NPs	 were	 then	





























the	 nanoparticle/THF	 solution	 was	 used	 as	 a	 control.	 	 Both	 solutions	 were	 washed	 by	
centrifugation	with	 THF	 and	 pentane	 to	 removed	 residual	 PM	 and	 hexadecane	 and	 dried	
under	nitrogen.	
Diazonium	modification	of	carbon	nanotubes	







Modern	 dynamic	 light	 scattering	 (DLS)	 instruments	 provide	 a	 simple,	 powerful	 tool	 for	
measuring	both	the	size	and	zeta-potential	of	dispersed	colloids	by	measuring	their	diffusivity	
and	electrophoretic	mobility.		A	DLS	instrument	consists	of	a	laser	light	source	and	a	detector	
that	measures	 the	 scattering	 pattern	 of	 a	 sample	 at	 a	 given	 angle.	 	 The	diffusivity	 of	 the	
colloids	 can	 be	 related	 to	 the	 autocorrelation	 function	 which	 compares	 the	 scattering	
intensity	(I)	as	a	function	of	time,	t,	after	a	time	(τ):	
𝑔F 𝜏 = 	v w 	v wTx 		v w 	 H 	.	 	 	 	 	 (	8	)	
At	short	𝜏,	the	scattering	pattern	will	be	strongly	correlated,	since	the	colloids	will	not	have	













𝜇P =  = ^W^\ 	,	 	 	 	 	 (	10	)	
where	er	is	the	dielectric	constant	of	the	colloid	and	eo	is	the	permittivity	of	free	space.		The	














As	 described	 in	 sections	 2.1.2	 and	 4.1,	 a	 two-step	 functionalization	 strategy	 was	





standard	 to	 determine	 the	 dye	 concentration	 in	 solution	 subtracted	 from	 the	 total	 dye	
concentration	used	and	divided	by	the	number	of	particles	in	solution	to	give	the	number	of	
PEG	ligands	per	particle.			
A	 similar	 strategy	was	 used	 to	 quantify	 the	 amount	 of	DNA	on	 each	nanoparticle.		
Fluorescently	tagged	DNA	complementary	to	DNA	bound	to	the	nanoparticles	was	added	the	
DNA-functionalized	nanoparticles	in	a	0.5	M	NaCl	and	allow	to	sit	overnight	to	allow	for	DNA	
hybridization.	 	 The	 nanoparticles	 were	 then	 sedimented	 under	 centrifugation	 and	 the	
Figure	9:		Diagram	describing	the	fluorescence	assay	used	to	measuring	the	density	of	ligands	grafted	to	














measuring	 nanoparticle	 dispersions	 in	 transmission,	 scattering	 also	 can	 contribute	
Figure	10:		Cartoon	of	solution	UV-VIS	spectroscopy	(top)	and	ATR-FTIR	(bottom).		In	solution	UV-


















of	 ssDNA	 than	 that	 of	 dsDNA	 at	 260	 nm.37	 	 A	 melt	 temperature	 can	 be	 defined	 at	 the	
absorption	 versus	 temperature	 point	 half-way	 in	 between	 the	 asymptotic	 values	 for	 the	
minimum	 (at	 low	 temperatures)	 and	maximum	 (at	 high	 temperatures)	 absorption	 of	 the	
sample.		In	binary	systems,	such	as	those	with	two	sets	of	DNA	with	complementary	binding	
Figure	11:	 	 Diagram	of	 a	melt	 curve.	 	 The	melt	 temperature	 (Tm)	 is	 taken	as	 the	point	half-way	
symmetrically	between	the	maximum	and	minimum	of	the	asymptotic	absorption	values.	
	 37	
sequences,	 the	 free-energy	 of	 hybridization	 can	 be	 extracted	 from	 the	melt	 temperature	
measurements	directly	if	the	concentration	of	the	DNA	sequences	is	known	and	it	is	given	by:	
𝛥𝐺 = 𝑅𝑇𝑙𝑛 DDD D 				 	 	 	 	 (	11	)	
where	[A]	and	[A’]	are	the	concentration	of	the	two	sequences	in	solution	and	Tm	is	the	melt	
temperature.	 	 This	 approach	 is	used	 in	appendix	7.1	 to	measure	 the	 contribution	of	non-
binding	or	“inert	tails”	(repeat	sequences	T)	to	the	binding	energy	of	ssDNA	sequences.	
In	DNACC	systems,	melt	curves	do	not	have	such	a	simple	interpretation,	since	each	




𝛥𝐺 = 𝑅𝑇𝑙𝑛 DD DHDH DD …..D D 			.	 	 	 (	12	)	
Nonetheless,	melt	curves	can	be	used	qualitatively	to	measure	the	effect	of	factors	such	as	









this	 thesis,	 fluorescence	and	 laser	 scanning	 confocal	microscopy	were	used	 to	 image	only	
nanoparticles	gels,	since	the	diameter	of	the	colloids	studied	were	100	nm	or	less,	which	is	
below	the	optical	diffraction	limit.		The	resolution	of	optical	microscopy	is	described	by	the	
Abbe	limit	of	diffraction:	 𝑑 𝑥, 𝑦 = FD		 	 	 	 			 (	13	)	
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an	 image.	 	 By	moving	 the	 sample	 in	 z-direction,	 images	 can	 be	 collected	 sequentially	 at	


















act	 as	 a	 heat	 sink,	 leading	 to	 uncertainty	 the	 sample	 temperature.	 	 In	 addition,	 heating	














𝑆 𝑞 =  v		 , H v=<		 , H	.	 	 	 	 (	15	)	
The	position	of	the	maximum	of	the	structure	factor,	𝑆 𝑞 ,	indicates	which	wave	vectors	
(q)	 are	most	 prevalent	 in	 the	 system.	 	 The	 relative	 intensity	 of	𝑆 𝑞 	will	 indicate	 how	
prevalent	the	wave-vector,	𝑞,	is	compared	is	other	wave-vectors.		These	wave	vectors	can	
be	converted	to	real-space	values	using	the	relation:	



















Electron	microscopy	uses	beams	of	 accelerated	electrons	 to	 image	materials.	 	 The	higher	
energies	of	electrons	enable	resolutions	up	to	four	orders	of	magnitude	greater	than	those	
available	 using	 optical	 photons.	 	 Like	 in	 light	 microscopy,	 the	 electron	 beam	 can	 either	
illuminate	 an	 entire	 sample,	 as	 is	 common	 in	 transmission	 electron	microscopy	 (TEM),	 or	
Figure	14:	Chord	distribution	analysis	methodology.		(A)	A	“raw”	microscopy	image	is	taken	using	confocal	
microscopy.		(B)		The	image	is	blurred	using	a	Gaussian	filter,	such	that	the	image	pixel	size	is	averaged	to	the	


















In	 section	 4.5,	 optical	 spectroscopy	 was	 used	 to	 measure	 quantitatively	 the	 light	
scattered	from	silica	nanoparticle	gels	and	the	scattering	spectrum	was	used	to	understand	
the	underlying	nanostructure	structure	of	the	gel.		The	reflection	and	transmission	spectra	of	
the	 samples	were	measured	perpendicular	 to	 the	 capillary	using	a	 light	microscope	 (Zeiss	
AX10,	Figure	15).		A	water	immersion	objective	(Zeiss,	40x,	NA=	0.75)	was	used	to	couple	light	
into	and	out	of	the	samples.		A	beam-splitter	allowed	for	light	to	be	collected	simultaneously	




(z)	 and	 locations	 (x-y)	 inside	of	 the	 sample	 and	were	 found	 to	be	 invariant	with	position,	
suggesting	 that	 the	 samples	 were	 isotropic	 on	 the	 scale	 of	 our	 resolution.	 	 The	 spectral	







flow	of	 current.	 	 EIS	 instrumentation	measures	both	 the	 real	 (resistive	or	dissipative)	 and	
imaginary	(capacitive	or	storage)	contributions	to	a	sample’s	current	response	over	a	wide	
frequency	 range	 (1	 Hz	 to	 20	 MHz).	 	 Since	 even	 in	 simplistic	 systems	 there	 are	 multiple	
contributions	to	the	impedance	response,	measuring	over	a	wide	frequency	range	allows	for	
the	separation	of	the	individual	contributions	to	the	impedance	response	through	a	process’s	
relaxation	time.	 	The	 frequency	dependent	response	 is	 then	fitted	to	an	equivalent	circuit	





	 Electrical	 impedance	 is	 a	 concept	 that	 incorporates	 both	 the	 time	 dependent	 (t)	
resistive	and	capacitive	response	of	a	system	to	a	small	applied	voltage	with	an	amplitude	(Va)	
and	a	frequency	(f).	
𝑉 𝑡 = 𝑉D	𝑠𝑖𝑛 2𝜋𝑓𝑡 	 	 	 	 (	18	)	
In	the	linear	regime,	the	current	response	to	the	applied	AC	potential	will	have	an	amplitude	
(IA)	and	a	phase	shift	(q)	with	respect	to	the	applied	potential.	
𝐼 𝑡 = 𝐼D	𝑠𝑖𝑛 2𝜋𝑓𝑡 + 𝜃 	 	 	 	 (	19	)	
The	 impedance	 response	 of	 the	 system	 at	 a	 given	 frequency	 is	 obtained	 by	 dividing	 the	
applied	voltage	by	the	current	response.	
𝑍 𝑡 = d(w)v(w) 		 	 	 	 (	20	)	
Figure	16:	Example	of	an	equivalent	circuit	(top)	to	model	the	impedance	response	of	the	impedance	
data	 shown	 in	 the	 Nyquist	 plot	 (bottom).	 	 This	 circuit	 is	 used	 later	 in	 the	 thesis	 to	 model	 the	
impedance	response	of	electrolytes.	
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The	 impedance	 response	 then	 is	 separated	 mathematically	 into	 real	 and	 imaginary	
components	to	obtain	its	resistive	and	capacitive	components.		Nyquist	plots,	where	the	real	
and	 imaginary	 components	 are	 plotted	 at	 a	 given	 frequency,	 are	 often	 used	 as	 graphical	
representations	of	the	impedance	response	(Figure	16).	
An	 equivalent	 circuit	 model	 then	 is	 used	 to	 represent	 the	 different	 impedance	
contributions	of	a	physical	system	by	adding	circuit	element	in	series	and	in	parallel	(Figure	
16).		A	table	of	the	most	common	circuit	elements	can	be	seen	in	Figure	17.		By	fitting	the	
parameters	 of	 the	 equivalent	 circuit	 elements	 to	 the	 experimentally	 collected	 impedance	
response,	 it	 is	 possible	 to	 extract	 values	 for	 the	 physical	 processes	 that	 occur	 in	 a	 given	




important	 to	 always	 correlate	 the	 impedance	 model	 to	 the	 physical	 processes	 to	 obtain	
meaningful	results.		
2.3.3 Raman	Spectroscopy	






scattering	 processes,	 lasers	 must	 be	 used	 to	 obtain	 an	 appreciable	 Raman	 signal.	 	 The	
frequency	of	the	inelastically	scattered	light	can	either	decrease	(Stokes)	or	increase	(Anti-








𝜇 = 𝛼	𝐸	 	 	 	 	 	 (	21	)	







of	 electrons	 in	 an	 electric	 field	 and	 there	 will	 be	 a	 peak	 in	 the	 response	 at	 a	 resonant	
















nanoparticle	 dimers	 excited	 in	 the	 transverse	 (b)	 and	 longitudinal	 (c)	 modes.	 	 TEM	 of	 gold	 in	 silica	
nanoparticle	 trimer	 (d)	 with	 the	 corresponding	 electric	 field	 intensity	 super	 imposed	 (e).	 	 The	
















for	 understanding	 the	 physical	 properties	 of	 their	 components.	 	 In	 academic	 research,	
galvanostatic	testing	or	the	application	of	a	constant	current	to	a	device	is	the	most	common	



























first	 demonstrated.26,	 27	 	 Subsequently,	 DNA-functionalized	 gold	 nanoparticles	 have	 been	






To	 form	 these	 macroscopic	 gels,	 a	 protocol	 was	 developed	 for	 coating	 gold	
nanoparticles	with	DNA	at	scale.		The	phase	transitions	of	the	DNA-gold	nanoparticles	were	



















develop	 a	 scaled-up	 nanoparticle	 functionalization	 process	 starting	 from	 well-established	
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protocols.	 	The	initial	protocol	to	coat	50	nm	gold	nanoparticles	was	based	on	the	process	









on	 colloids	 with	 larger	 contact	 areas.28	 This	 consideration	 lead	 to	 the	 design	 of	
complementary	25	base-pair	 ssDNA	sequences	 (15-bp	spacer	with	a	10-bp	binding	motif).		
Due	to	the	wide	use	of	ssDNA	in	the	scientific	community,	it	was	possible	to	purchase	ssDNA	
already	 functionalized	with	 a	 terminal	 thiol	 functionality,	 eliminating	 the	need	 for	 further	
modification	 of	 the	 oligomer.	 	 The	 DNA	 was	 then	 used	 to	 functionalize	 50	 nm,	 citrate-
















As	 more	 DNA	 attaches	 to	 the	 nanoparticle	 surface,	 the	 stability	 of	 the	 colloids	 against	
aggregation	 steadily	 increases	 due	 to	 both	 the	 electrostatic	 and	 steric	 properties	 of	 the	
oligomer.			
After	 each	 salting	 step,	 the	 DNA-nanoparticle	 solution	 is	 sonicated	 briefly	 for	 10	
seconds,	which	 has	 been	 shown	 to	 increase	 the	 final	 surface	 density	 of	DNA	on	 the	 gold	
nanoparticles.41		The	surface	density	of	DNA	on	the	gold	colloids	has	been	demonstrated	to	
increase	asymptotically	with	the	final	salt	concentration	of	the	dispersion.41		After	the	salting	





















To	 understand	 the	 rate-limiting	 step	 of	 the	 functionalization	 process,	 simple	





















the	 dispersion	 without	 any	 dark	 aggregates	 at	 the	 bottom	 of	 the	 tube,	 suggesting	 that	
surfactant	stabilized	the	pelleted	gold	nanoparticles	and	prevented	irreversible	aggregation.		
The	DNA	functionalization	process	was	then	applied	to	a	15x	concentration	of	SDS	stabilized	
gold	 nanoparticles.	 	 Under	 these	 functionalization	 conditions,	 there	 was	 no	 sign	 of	






































the	dielectric	environment	around	 the	colloids	due	 to	 the	DNA	coating,87	which	 is	 further	
evidence	of	the	DNA	coating.		The	decreased	signals	at	260	nm	and	524	nm	for	the	sample	in	
the	 melted	 state	 compared	 to	 the	 aggregated	 state	 is	 clearly	 visible	 as	 well	 as	 the	
complementary	process	at	700	nm.	
With	 the	 optical	 properties	 of	 the	DNACC	 samples	 now	 correlated	 to	 their	 phase,	
optical	spectroscopy	was	performed	as	the	samples	were	gradually	heated	and	then	cooled	






curves	 on	 the	 top	 left	 of	 Figure	 25	 show	 that	 all	 three	 wavelengths	 show	 a	 continuous	
transition	between	 the	gas	and	aggregated	phases	 reinforcing	 that	any	one	wavelength	 is	




equation	 of	 state.	 	 Instead,	 the	 Gibbs	 free	 energy	 will	 depend	 on	 the	 number	 and	
configuration	of	adjacent	colloids	each	colloid	is	bound	to	in	the	aggregated	state.			
In	 the	 top	 right	 of	 Figure	 25,	 there	 is	 a	 clear	 hysteresis	 between	 the	 cooling	 and	





the	 citrate-capped	 (left)	 and	 DNA-coated	 gold	 nanoparticles	 (right)	 after	 thermal	 cycling.	 	 The	 coated	




be	 expected	 to	 aggregate	 upon	 a	 collision	 once	 cooled	 sufficiently	 below	 the	 melt	
temperature,	due	to	the	strength	of	DNA	hybridization.		The	mean	square	displacement	for	
colloids	diffusing	in	solution	after	time,	t,	is	given	by:	
< 𝑟F 𝑡 >	= 6𝐷𝑡	,	 	 	 	 (	22	)	
where	D	is	the	diffusion	coefficient	(equation	9).91		50	nm	diameter	colloids	can	be	expected	
to	 diffuse	 approximately	 10	 µm	 (< 𝑟F 𝑡 >	≈ 100	µm )	 during	 the	 time	 step	 between	
absorption	measurements	(200	seconds).		For	comparison,	the	mean	free	path92,		𝜆,	of	the	















The	 bottom	 left	 of	 Figure	 25	 shows	 the	 effect	 of	 the	 salt	 concentration	 on	 the	
nanoparticle	 aggregation	 process.	 	 Increasing	 the	 salt	 concentration	 decreases	 the	Debye	
screening	length	of	the	nanoparticles,	reducing	the	contribution	of	electrostatic	repulsion	to	
the	colloidal	interaction	potential.		In	the	temperature-dependent	UV-VIS	measurements,	this	




the	 length	of	 the	DNA	binding	 sequence,	 the	DNA	surface	coating	density	or	 the	colloid’s	
diameter	could	also	have	been	used.	
3.3 Formation	and	fluorescent	microscopy	of	DNA-gold	nanoparticle	gels	







A’)	 in	 PBS	 solution	 and	 centrifuged	 to	 concentrate	 the	 colloids.	 	 Concentrating	 the	 stock	
solutions	 of	 DNA-functionalized	 gold	 nanoparticles	 was	 difficult	 without	 a	 high-speed	




they	 were	 transferred	 into	 a	 glass	 sample	 chamber	 in	 either	 the	 aggregated	 (room	
temperature)	 or	 melted	 (heated)	 state.	 	 The	 sample	 chambers	 used	 for	 these	 initial	
experiments	 were	 made	 from	 glass	 coverslips	 and	 UV-epoxy	 and	 later	 replaced	 with	
rectangular	glass	capillaries.	
Dark	aggregates	are	clearly	visible	 in	 the	sample	 loaded	 into	 the	chamber	at	 room	
temperature	(Figure	26).		The	black	color	is	indicative	of	the	broad	plasmonic	absorption	of	
the	 gold	 nanoparticles	 in	 the	 aggregated	 state.	 	 When	 the	 samples	 were	 heated,	 the	
nanoparticles	repel	each	other	and	become	freely	dispersed	in	solution,	causing	the	sample	
to	appear	a	dark	red	color	due	to	the	plasmonic	resonance	of	the	isolated	particles.		When	


















(60	 °C)	 for	 30	 minutes	 allowing	 for	 the	 colloids	 to	 diffuse	 uniformly	 throughout	 sample	
chamber.		The	sample	was	then	thermally	cycled	to	temperatures	above	and	below	the	gel	
melt	temperature,	while	microscope	images	of	the	sample	were	collected	every	1	°C.		After	
data	collection,	 the	microscope	 images	were	 then	analyzed	using	a	Mathematica	script	 to	
obtain	two	quantitative	metrics.		The	intensity	of	each	pixel	was	averaged	for	each	image	to	
get	an	average	 image	 intensity.	 	The	average	 image	 intensity	can	be	used	 in	an	analogous	








°C	 increment,	 a	 frame	 was	 generated	 using	 a	 custom	Mathematica	 script	 to	 display	 the	








microstructure	of	 these	gels	 is	studied	 in	more	detail	 in	section	5.1,	using	both	chord	and	










few	 hundred	 nanometers,	 a	 complementary	 technique	 was	 needed	 to	 look	 at	 the	 gel’s	
nanostructure.		In	the	absence	of	access	to	a	central	user	X-Ray	facility	for	small-angle	X-ray	
scattering	 or	 X-ray	 tomography,	 electron	 microscopy	 was	 a	 natural	 choice.	 	 However,	




changing	 the	 sample	 volume	 and	 salt	 concentration	 during	 sample	 preparation,	
homogenization	and	imaging.			
Instead,	 the	DNA-gold	 gels	were	 imaged	using	a	 relatively	new	 technique	where	a	
small	 volume	of	 the	gel	 can	be	 sealed	 into	a	 chamber	with	a	 thin	nitride	window	using	a	


















the	effect	of	 the	electron	beam	energy	on	 the	 sample	and	 the	ultimate	 resolution	of	 the	
technique.		Figure	28	shows	the	effect	of	acceleration	voltage	on	the	imaging	depth.		At	10kV,	
the	 image	appears	 to	contain	 information	 that	 spans	only	 the	 first	 layer	of	 colloids	 in	 the	




stopped	during	 the	 second	 scan	 to	 show	 the	 effect	 of	 the	 electron	beam	on	 the	 sample.		
Clearly,	the	second	scan	has	a	very	different	morphology	than	the	first	scan.		The	energy	of	




















it	was	only	possible	 to	examine	the	surface	of	 the	gel.	Small	angle	X-ray	scattering	 (SAXS)	






Colloidal	 self-assembly	 is	 a	 promising	 technique	 for	 creating	 porous	 electrodes	 with	
morphological	control	on	the	nano-,	micro-	and	macro-scales.		Optimizing	electrodes	at	these	
different	length-scales	can	allow	for	an	increase	of	an	electrode’s	surface	area	improving	the	
reaction	 kinetics	 of	 surface-limited	 processes,	 while	 retaining	 sufficient	 microporosity	 to	
enable	 diffusion	 of	 the	 charge	 carriers	 through	 the	 electrolyte.	 	 This	 optimization	 is	
particularly	relevant	for	battery	applications,	where	compromises	are	often	made	between	
power	 and	 energy	 densities,	 which	 are	 limited	 by	 electrodes’	 thicknesses.62	 	 DNA-gold	









structure	of	approximately	3.3	nm	 in	 length.	 	On	either	end	of	 the	hybridized	DNA	are	15	
base-pairs	 of	 ssDNA,	 which	 are	 flexible	 in	 solution	 as	 the	 persistence	 length	 of	 ssDNA	 is	
approximately	1	nm	(3	base-pairs).33		In	good	solvent	conditions,	the	radius	of	gyration	(Rg)	
of	the	DNA	oligomer	can	be	calculated	from	the	number	of	repeat	units	(𝑁 = S¯	°7PI86@7± =5)	and	the	persistence	length	of	a	unit	(a=	1	nm)	and	is	approximately	2.6	nm.94	




sites	(𝐷 = 7w[57/´D@P = 2.2	𝑛𝑚),	giving	a	length	of	approximately	4.3	nm.94,	95	
𝐿 = ²bH 	 	 	 	 	 	 (	24	)	
	 65	
Simply	 summing	 up	 the	 contributions	 from	 ssDNA	 and	 the	 dsDNA	 segments	 gives	 an	
approximate	inter-particle	spacing	of	approximately	11	nm,	but	the	nanoparticles	are	likely	
somewhat	closer	than	this	distance,	since	dsDNA	and	ssDNA	do	not	necessarily	have	to	be	co-
linear.	 	Moreover,	 to	minimize	the	free	energy	of	DNA	hybridization,	 the	DNA	strands	will	
maximize	the	number	of	hybridized	base-pairs	and	DNA	strands	along	the	colloids’	surface	


















The	 samples	were	heated	above	 their	melt	 temperature	 for	30	minutes	and	quenched	 to	
homogenize	the	gel	samples.		Reference	samples	with	0.01	M	KCl	and	0.15	M	NaCl	were	also	
prepared.		After	homogenization,	the	gel	samples	appeared	black	due	to	the	overlap	of	the	















solution	 and	 the	Warburg	 impedance	 comes	 from	 the	 diffusion-limited	 transport	 of	 ions	
through	the	solution.			
The	impedance	spectrums	for	the	KCl	and	PBS	solution	(0.15	M	NaCl)	can	be	seen	in	
the	 Nyquist	 plot	 in	 Figure	 34.	 	 The	 difference	 in	 the	 diameter	 of	 the	 arcs	 is	 a	 graphical	
representation	of	the	increased	solution	resistance	of	the	KCl	solution	(Rsol-KCl=	2.6	x	104	W)	
compared	to	the	PBS	solution	(Rsol-PBS=	8.8	x	102	W).	 	The	order	of	magnitude	difference	 is	
expected,	 since	 the	PBS	 solution	 contains	approximately	15	 times	more	 ions	 than	 the	KCl	
solution.	 	The	other	clear	difference	between	the	two	samples	is	the	frequency	where	the	
right	 side	 of	 the	 arc	 approaches	 the	 x-axis,	 which	 is	 determined	 by	 the	 large	 difference	
between	the	Cdl	of	the	PBS	sample	(Cdl-PBS=	4.1	x	10-12		W)	and	the	KCl	sample	(Cdl-KCl=	8.2	x	10-









instrument	 used	 here,	 it	was	 possible	 to	 resolve	Rc,	 Rsol	 and	Cdl	separately.	 	 The	Warburg	
impedance	dominates	the	low	frequency	response	of	both	salt	solutions	and	is	identifiable	by	
the	45°	angle	of	the	response	on	the	Nyquist	plot.			
The	 impedance	 responses	measured	using	our	 custom-built	 impedance	cell	 can	be	
calibrated	using	Rsol-KCl	to	obtain	the	cell	constant.		The	cell	constant	is	an	experimental	factor	
that	 relates	 the	geometry	of	an	 impedance	cell	 to	a	conductivity	 standard.	 	Here,	 the	cell	
constant	is	obtained	by	dividing	resistance	of	0.01	M	potassium	chloride	(RKCl=	1.27	X	107	W-
1m-1	at	20	°C)96	by	the	measured	solution	resistance	using	the	cell	(kcell=	490	m-1).	
𝑘·P¸¸ = G¹ºG>V¹º		 	 	 	 	 (	25)	
The	value	of	the	cell	constant	is	an	important	contributor	to	the	sensitivity,	resolution	and	
accuracy	of	the	measurement.			
The	 impedance	 response	 of	 the	 PBS	 sample	 is	 useful	 for	 interpreting	 the	 high-
frequency	response	of	the	DNA-gold	gel	samples	(Figure	36).		The	frequency	where	the	right-
side	of	the	arc	approaches	the	x-axis	remains	at	1	MHz	for	all	samples,	which	agrees	with	the	
expectation	 that	 the	Cdl	 should	 be	 the	 same	 as	 for	 the	 PBS	 reference	 sample	 and	 remain	
constant	with	ø.	 	 The	 radius	 of	 the	 arcs	 increases	with	ø,	 corresponding	 to	 an	 increased	
resistance	with	the	gel	volume	fraction.		As	this	resistance	is	present	in	the	PBS	sample,	it	can	
be	associated	with	the	 ionic	conductivity	of	the	PBS	electrolyte	 in	the	gels.	 	The	 increased	
resistance	with	 ø	may	 be	 a	 result	 of	 the	 nanoparticles	 acting	 as	 a	 physical	 barrier	 to	 the	
motion	 of	 ions,	 which	 would	 be	 consistent	 with	 the	 gold	 nanoparticles	 not	 acting	 as	 a	
conductive	element	above	1	MHz.	
	 The	frequency	response	below	1	MHz	gives	information	about	the	properties	of	the	
DNA-nanoparticle	 gel	 itself.	 	 The	 impedance	 response	 can	 be	modeled	 by	 the	 equivalent	
circuit	in	Figure	35,	where	the	response	above	1	MHz	is	represented	by	a	resistance,	Rc+sol,	for	
simplicity.	 	 The	 resistive	 properties	 of	 the	 DNA-nanoparticle	 film	 are	 represented	 by		
















	 The	 frequency	 dependence	 of	 the	 impedance	 of	 the	 DNA-nanoparticle	 film	 is	
consistent	with	 the	 de	 Levie	model	 for	 porous	 electrodes.97-99	 	 In	 porous	 electrodes,	 the	
frequency	dependence	is	determined	by	the	penetration	depth	of	the	applied	AC	wave.		At	
high	frequencies,	 the	pores	are	small	compared	to	the	penetration	depth	appearing	semi-
infinite,	 leading	to	diffusive	behavior.	 	At	 low	frequencies,	the	penetration	depth	becomes	
greater	than	the	pore	dimensions	and	the	impedance	response	becomes	capacitive.		A	similar	
impedance	 response	 has	 also	 been	 seen	 in	 electrode	 films	 made	 from	 gold	 and	 nickel	
particles.97	
	 The	 DNA-gold	 nanoparticle	 networks	 were	 capacitive	 as	 they	 approached	 low-
frequencies	 (direct	 current).	 	 Since	 no	 significant	 conductance	 was	 measured	 at	 low	
frequencies,	 additional	 efforts	 were	 not	 spent	 correlating	 the	 impedance	 model	 to	 the	




Reducing	 the	 inter-particle	 spacing	 by	 shortening	 the	 length	 of	 the	 DNA	 binding	
sequences	 and	 spacers	 could	 potentially	 increase	 the	 conductivity	 of	 the	 gel.	 	 However,	
studies	on	networks	of	gold	nanoparticles	separated	by	alkane-thiols,	have	shown	that	an	
inter-particle	 spacing	 above	 a	 couple	 of	 nanometers	 leads	 to	 a	 significant	 reduction	 in	
conductivity.39,	 100,	 101	 	 The	 conductivity	 in	 such	 systems	 is	 described	with	 an	 electrostatic	
model	developed	by	Abeles102,	with	a	thermally-activated	hopping	energy	that	is	a	function	
of	both	 the	colloid	diameter	and	 the	 inter-particle	 spacing.	 	The	conductivity	of	DNA-gold	
nanoparticle	 networks	 in	 the	 dry	 state	 also	 have	 been	 found	 to	 be	 governed	 by	 this	
mechanism.103		However,	SAXS	measurements	on	the	dried	sample	showed	that	the	distance	
between	nanoparticle	decreased	such	the	gold	colloids	were	“almost	touching”	upon	drying.	








Colloidal	 assemblies	 of	 gold	 nanoparticles	 are	 a	 common	 substrate	 for	 surface-enhanced	
Raman	spectroscopy	(SERS).9		As	discussed	in	section	2.3.3,	the	nano-gaps	between	the	gold	
colloids	 create	 a	 local	 electronic	 field	 enhancement	 or	 hot	 spots,	 which	 can	 be	 used	 to	
drastically	increase	the	sensitivity	of	Raman	spectroscopy.		Most	of	the	current	SERS	literature	
using	 nanoparticle	 assemblies	 as	 substrates	 has	 focused	 on	 obtaining	 sharp	 plasmonic	
resonances	 through	 tight	 control	 over	 inter-particle	 spacing.	 	 However	 for	 SERS,	 it	 is	 not	
necessary	for	the	peak	spectral	resonance	of	the	hot-spot	to	be	positioned	precisely	at	the	
wavelength	of	the	 incident	 laser	and	 it	has	also	been	shown	that	the	near-field	plasmonic	
modes	may	differ	significantly	from	the	far-field	modes.108			
To	obtain	tight	control	over	the	inter-particle	spacing,	colloids	typically	are	arranged	
using	 techniques	 designed	 to	 form	 discrete	 assemblies,	 such	 using	 DNA-origami.87,	 109		
Although	such	assemblies	can	be	engineered	 to	have	highly	controlled	distances	between	
nanoparticles,	 these	 assemblies	 are	 typically	 hundreds	 of	 nanometers	 or	 at	 best	 a	 few	
microns	in	size,	which	is	comparably	small	to	even	a	highly	collimated,	focused	laser	beam.		
Therefore,	much	 of	 the	 incident	 electric	 field	 will	 not	 overlap	 spatially	 with	 the	 colloidal	
assembly	and	will	not	contribute	to	the	sample’s	Raman	response.		Moreover,	there	is	the	
additional	 challenge	 of	 sorting,	 selecting	 and	 exciting	 such	 small	 objects,	 increasing	 the	
difficulty	in	making	simple	and	repeatable	Raman	measurements.	




























	 Figure	 37	 shows	 the	 Raman	 response	 of	 three	 different	 locations	 in	 DNA-gold	
nanoparticle	 gel	 at	 633	 nm	 using	 a	 50x	 objective.	 	 Numerous	 Raman	 bands	 that	 have	
previously	 been	 identified	 can	 be	 observed1-4	 and	 are	 highlighted	 in	 the	 plot.	 The	 DNA	
sequences	and	wavenumbers	of	selected	Raman	bands	of	the	bases	are	shown	in	Figure	38.		
As	the	position	and	intensity	of	the	Raman	bands	of	ssDNA	have	been	shown	to	be	sensitive	
to	 temperature3,	 110,	 hybridization	 state3,	 110	 and	 oligomer	 configuration4,	 the	 measured	




the	vibrational	modes	with	adenine	having	 the	highest	 intensity.1,	4	 	The	 intensities	of	 the	















gel	 appears	 also	 to	 share	 the	 same	 properties	 as	 assemblies	 of	 colloids	 with	 precisely	
engineered	nano-gaps.		Moreover,	the	micro-porosity	of	nanoparticle	gels	can	also	facilitate	
mass	 transport	 through	 the	 sample.	 	 This	 combination	 of	 both	 nanoscale	 and	microscale	









form	 macroscopic	 nanoparticle	 gels	 through	 a	 spinodal	 decomposition	 mechanism.	 	 The	
microstructure	of	these	gels	is	characterized	using	confocal	microscopy	and	quantified	using	






dimensional	macroscopic	materials	 with	 length-scales	 spanning	 hundreds	 of	 nanometers,	
which	has	been	difficult	to	achieve	using	other	methods.			
4.1 Functionalization	of	Silica	Nanoparticles	
Colloidal	 silica	 is	 an	 important	 material	 for	 both	 large-scale	 applications	 as	 abrasives,	
stabilizers,	 filters	and	 food	additives	as	well	 as	 for	more	 specialized	applications	 including	
optical	 coatings,	 drug	 delivery	 and	 luminescent	 markers.	 	 Colloidal	 silica	 can	 easily	 be	
prepared	 by	 precipitating	 amorphous	 gels	 from	 precursor	 solutions	 for	 less	 demanding	
applications	or	as	a	monodisperse	suspension	using	the	Stöber	sol-gel	process.70		The	silica	
colloids	used	 in	 this	chapter	were	purchased	from	commercial	vendors,	who	were	able	to	





nanoparticles.	 	 Functional	 groups	 also	 can	 be	 introduced	 to	 the	 terminal	 ends	 of	 ssDNA	
oligomers	 either	 by	 the	 DNA	 vendor	 or	 using	 simple	 laboratory	 protocols.	 	 To	 covalently	
couple	DNA	to	nanoparticles,	we	can	draw	upon	the	field	of	bioconjugate	chemistry,	which	














first	 with	 an	 intermediate	 reagent	 can	 introduce	 other	 functional	 groups	 with	 improved	
reactivity	on	 the	nanoparticle	 surface	and	 increase	 the	stability	of	 the	colloidal	dispersion	
both	sterically	and	electrostatically.		These	intermediate	cross-linking	reagents	can	be	either	
hetero-functional	or	homo-functional	cross-linkers,	but	hetero-functional	linkers	are	general	
preferable	 for	 coupling	 DNA	 to	 nanoparticles	 due	 to	 their	 inherent	 selectivity.		
Heterofunctional	 polyethylene	 glycol	 is	 the	 most	 common	 of	 these	 reagents,	 since	 it	 is	
chemically	inert,	biocompatible,	soluble	in	both	polar	and	apolar	solvents	and	its	length	can	
be	varied	from	a	few	repeat	units	(PEO)	to	a	few	thousand	(PEG).	
Recently,	 the	 protocols	 for	 functionalizing	 nanoparticles	 with	 DNA	 have	 improved	
significantly,	even	since	the	start	of	this	thesis.	 	Both	the	Mirkin63	and	Gang62	groups	have	
used	 physio-absorbed	 amphiphilic	 polymers	 to	 coat	 both	 hydrophobic	 and	 hydrophilic	
nanoparticles	with	functional	groups	that	allow	for	subsequent	DNA	functionalization	using	
amide	 or	 click	 reactions	 respectively.	 	 More	 recently,	 the	 Pine	 group	 has	 used	 click-
















An	 amine	 to	 sulfhydryl	 linker,	 sulfo-SMCC,	 was	 chosen	 as	 the	 initial	 method	 for	
functionalizing	 silica	 nanoparticles	with	DNA,	 as	 our	 group	had	previous	 experience	 using	
sulfo-SMCC	 to	 functionalize	 fd-viruses	 with	 exposed	 amine	 groups	 to	 thiolated-DNA.		
Therefore,	we	 could	 start	 by	 simply	 substituting	 aminated	 silica	 nanoparticles	 for	 the	 fd-
viruses.	 	Moreover,	 the	approached	enabled	the	use	of	 the	same	thiolated-DNA	sequence	
used	 in	 the	gold	 system,	eliminating	 the	need	 to	purchase	additional	DNA	sequences	and	







SMCC	 cross-linker	 and	 is	 shown	 in	 the	 cartoon	 in	 Figure	39.	 	 The	 silica	 colloids	were	 first	











that	 the	 functionalized	 colloids	 did	 not	 form	a	 stable	 dispersion.	 	 Therefore,	 nanoparticle	
sedimentation	prevented	accurate	melt	temperature	measurements	of	these	samples	under	
thermal	cycling.	





and	 gel	 phase	 at	 approximately	 55	 °C,	 which	was	 repeatable	 over	 a	 several	 heating	 and	
cooling	cycles.		However,	above	the	gel	melt	temperature,	a	significant	portion	of	the	colloids	
remained	in	aggregates	and	some	colloidal	aggregates	were	stuck	to	the	surface	of	the	glass	
capillary	 at	 all	 temperatures.	 	 These	 non-idealities	 suggested	 that	 there	 either	was	 not	 a	
sufficiently	 dense	 coating	 of	 DNA	 on	 the	 colloids	 to	 prevent	 irreversible	 aggregation	 and	
adhesion	to	the	glass	capillary	or	that	there	was	significant	irreversible	aggregation	during	the	
functionalization	process.		



































































reaction	 kinetics.	 	 The	 ester	 intermediate	 also	may	 help	 stabilize	 the	 colloidal	 dispersion	
electrostatically	during	the	reaction	due	to	the	higher	pKa	of	the	sulfate	groups	with	respect	
to	carboxyl	groups.		
The	 carbodiimide	 method	 proved	 very	 effective	 for	 functionalizing	 100	 nm	
nanoparticles.		Nanoparticles	functionalized	using	this	approach	were	used	to	demonstrate	
the	initial	DNA-silica	gels	as	described	in	the	next	section.		However,	it	was	not	possible	to	




































DLS	 and	 zeta-potential	measurements	provided	a	 simple	method	 for	 following	 the	







𝑅. = 𝑎	𝑁	²		 	 	 	 	 (	26	)	
Single-stranded	DNA	has	a	persistence	length	of	~1nm33,	which	corresponds	to	3	base-




composite.	 	 DLS	 measurements	 showed	 negligible	 aggregation	 after	 both	 PEG	 and	 DNA	
reaction	steps.			
	The	 zeta-potential	 of	 the	 nanoparticles	 (-35	mV	 to	 -31	mV)	 became	 slightly	more	


















Although	 the	 DLS	 and	 zeta-potential	 measurements	 are	 simple	 to	 perform,	 both	
measurements	have	inherent	uncertainty	in	the	results,	since	they	rely	on	fitting	data.		Silica	
colloids	have	a	broad	size	distribution,	especially	below	100nm,	but	since	DLS	measures	the	























magnitude	 less	 than	what	has	been	achieved	by	coating	colloids	with	azide	 functionalized	
amphiphilic	polymers	and	DBCO-DNA47.		
Since	 the	nanoparticle	coating	density	 in	 this	work	was	 limited	by	 the	PEG	coating	
density,	a	series	of	experiments	were	designed	to	test	whether	the	coating	density	could	be	
increased	 as	 a	 function	 of	 pH.	 	 At	 lower	 pH	 values,	 the	 hydrolysis	 rate	 of	 the	 TFP-ester	
decreases,	 allowing	more	 time	 for	 the	 PEG	 chains	 to	 diffuse	 to	 the	 nanoparticle	 surface	
without	a	loss	in	reactivity.		While	at	higher	pH	values	more	of	the	amine	groups	deprotonate,	
increasing	the	number	of	available	surface	reaction	sites.		 	For	reactions	in	aqueous	buffer	










using	 amide	 bonds	 between	 50nm	 diameter	 silica	 colloids	 and	 PEG	 oligomers,	 the	
DMF+DIPEA+HATU	 mechanism	 was	 slightly	 different	 as	 it	 involved	 silica	 colloids	
functionalized	with	 carboxyl	 groups	 and	PEG	oligomers	 functionalized	with	 amine	 groups.		
This	reaction	was	catalized	by	HATU	(1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium	3-oxid	hexafluorophosphate),	which	is	a	common	reagent	in	peptide	coupling.			
The	 increase	 in	 grafting	density	 in	 organic	 solvent	 conditions	was	not	 sufficient	 to	
move	 the	 PEG	 chains	 from	 the	mushroom	 to	 the	 brush	 regime,	 since	 reaching	 the	 brush	





It	 is	expected	 that	 the	generality	of	 the	DNA-PEG	 functionalization	approach	can	be	
extended	to	allow	for	the	attachment	of	DNA	to	nanoparticles	of	other	materials	due	to	the	
range	of	terminal	functional	groups	that	can	be	introduced	to	the	PEG	chains.		Subsequent	










as	 it	 allowed	 us	 to	 demonstrate	 the	 applicability	 of	 DNA-mediated	 self-assembly	 to	 a	
materials	system	without	significant	optical	absorption	and	therefore	suitable	for	structural	
color	 experiments.	 	 As	 the	 gels	 are	 non-absorbing,	 it	 also	 allowed	 for	 the	 internal	 gel	































the	 confocal	microscopy	 images.	 	 The	 decrease	 in	 the	micro-porosity	with	 increased	 ø	 is	
reflected	numerically	in	the	decrease	in	the	characteristic	length-scales	of	the	pores	in	the	
chord	analysis.	 	The	 length-scale	of	 the	colloid-rich	phase	 remains	 largely	unchanged	with	
increased	ø.		Therefore,	increased	ø	leads	primarily	to	a	greater	number	of	micro-gel	branches	
in	 the	 system	rather	 than	a	 thickening	of	 the	branches.	 	This	 result	 is	 consistent	with	our	
previous	 experiments	 in	 DNA	mediated	 colloidal	 gels	 in	 the	 polystyrene13	 and	 gold-virus	
systems8	and	has	also	been	predicted	previously	in	simulation	studies21.		
As	 discussed	 in	 the	 introduction,	 one	 of	 the	 goals	 of	 this	 thesis	 was	 to	 created	
nanoparticle	gels	showing	structural	color.	 	The	 feature	sizes	of	100	nm	silica	colloidal	gel	











carbodiimide	 approach.	 	 Gels	 formed	 using	 smaller	 diameter	 colloids	 will	 have	 thinner	
diameter	gel	branches	and	smaller	pores	that	we	expected	to	selectively	scatter	visible	light	





two-step	 click-chemistry	 functionalization	 approach	 are	 discussed.	 	 The	 gel	 formation	
mechanism	in	the	PEG-NP	has	not	been	well	documented	in	the	literature	to	our	knowledge.	















melt	 temperatures	 of	 the	 gels,	 which	 otherwise	would	 have	 been	 challenging.	 	 First,	 the	
relatively	low	DNA	grafting	density	will	lead	to	a	broad	melt	transition	of	the	colloidal	gels.		
	 89	
Second,	 the	 individual	 colloids	 cannot	 be	 resolved	 using	 conventional	 optical	microscopy,	




temperature	 (between	 45-55	 °C).	 	 At	 low	 temperatures,	 the	material	 is	 a	 gel	 and	 at	 high	
temperatures,	a	colloidal	dispersion,	similar	to	the	DNA-NP	gels.	However,	the	melt	transition	
of	the	PEG-NP	may	not	be	volume	fraction	independent	as	the	gel	formation	mechanism	is	
not	 determined	 by	 DNA	 hybridization.	 	 The	 melt	 temperature	 of	 the	 PEG-NP	 is	
phenomenologically	 different	 from	 the	 cloud	 point	 transition	 that	 has	 been	 observed	 in	
polymer-coated	nanoparticle	systems	that	aggregate	upon	heating122,	123,	as	here	the	colloidal	
aggregation	occurs	on	cooling.		






















motion	 of	 the	 colloids	 is	 high	 enough	 to	 overcome	 the	 weakly	 attractive	 van	 der	Waals	






PEG	 grafting	 densities	 are	 most	 likely	 due	 to	 polymer	 bridging.128	 	 The	 lower	 critical	
temperature	 of	 PEG-NPs	 can	 be	 further	 reduced	 by	 increasing	 the	 salt	 concentration	 in	
solution.123		In	this	context,	it	is	important	to	note	that	our	PEG-NP	samples	in	PB	buffer	and	
Figure	48:	Cartoon	depicting	PEG	chains	in	a	good	solvent	in	(left).			Attractive	interactions	between	PEG	









be	 observed	 due	 to	 competing	 processes.	 	 In	 cases	 where	 the	 polymers	 were	 strongly	
absorbed	 to	 the	 colloid	 surface,	 the	 colloids	 did	 not	 aggregate	 due	 to	 being	 sufficiently	
sterically	stabilized	by	the	densely	absorbed	polymer.41		Alternatively,	in	systems	where	the	




























of	 the	 confocal	 images.	 	 The	decrease	 in	 the	micro-porosity	with	 increasing	ø	 is	 reflected	
numerically	 in	 both	 an	 increase	 in	 S(q)	 at	 higher	 wave-vectors	 and	 the	 decrease	 in	 the	
characteristic	 length-scale	 of	 the	 pores	 extracted	 from	 chord	 analysis	 (Figure	 50).	 	 The	
characteristic	 length-scale	 of	 the	 colloid-rich	 phase	 remains	 constant	 with	 increased	 ø.		
Therefore,	 an	 increased	ø	 leads	 to	a	 greater	number	of	micro-gel	branches	 in	 the	 system	




the	DNA	hybridization	energy,	which	provided	a	binding	 strength	of	 the	order	of	 10kBT.35		
Despite	 the	 difference	 in	 binding	mechanism	between	 the	 PEG-NP	 and	DNA-NP	 gels	 only	







attraction	 provided	 by	 the	 DNA	 hybridization	 leads	 to	 a	 narrower	 S(q)	 at	 higher	 volume	
fractions	 for	 the	DNA-NPs.	 	 This	 is	 in	agreement	with	 the	 findings	 that	 strongly	attracting	





as	 they	 age.	 	 In	 the	DNA-NP	 gels,	 the	 increased	 attraction	 from	 the	 complementary	DNA	
strands	prevent	the	colloids	from	arranging	into	a	lower	free	energy	minimum.	
Because	the	samples	with	low	ø	scattered	only	weakly,	it	was	possible	to	image	deep	



















pixel	 volume.	 	 Small-angle	X-Ray	 scattering	 (SAXS)	 could	be	used	 to	measure	 the	colloidal	




















The	 two	 relevant	 length-scales	 for	 understanding	 the	 optical	 properties	 of	 the	
nanoparticle	 gels	 are	 those	of	 the	 individual	 colloid-rich	gel	branches	and	 the	 colloid-free	
pores.	 	The	gel	can	be	expected	to	scatter	visible	 light	when	the	dimensions	 (ar)	of	either	
become	similar	to	the	wavelength	of	light	(𝑎@ = 𝜆@ (2𝑛P»»)).		An	effective	index	of	refraction	
of	the	colloid-rich	phase	(n=1.40)	was	calculated	using	the	Maxwell-Garnett	relation,130		











NP	 gels	were	made	 at	ø=	 15%,	 25%	and	 35%	 in	 PBS	 in	 capillaries	with	 rectangular	 cross-
sections.	 	 The	 concentrated	 NaCl	 solution	 was	 added	 to	 the	 capillary	 before	 adding	 the	
nanoparticles	and	the	samples	were	allowed	to	equilibrate	overnight,	as	the	gelled	samples	
were	too	viscous	to	pipette.		The	gels	were	heated	above	their	melt	temperature	for	an	hour	
and	 then	quenched	 to	 room	 temperature	by	placing	 them	on	a	 thick	aluminum	sheet.	 	A	
capillary	 loaded	 with	 PBS	 was	 prepared	 as	 a	 reference.	 Samples	 of	 non-coated	 silica	
nanoparticle	suspensions	were	prepared	as	controls.	
The	 scattering	 spectra	 of	 the	 gel	 samples	 in	 capillaries	 were	 measured	 in	 both	
refection	and	transmission	using	a	light	microscope	as	described	in	Figure	15.		A	beam-splitter	
allowed	 for	 light	 to	 be	 collected	 simultaneously	 with	 a	 color	 CMOS	 camera	 and	 a	




into	 the	optical	 fiber.	 	 The	 spectral	 responses	 of	 the	 gels	were	 referenced	 to	 a	 PBS	 filled	





approximately	 385	 nm.	 	 At	 shorter	 wavelengths,	 there	 is	 a	 relatively	 sharp	 decrease	 in	
reflectivity	and	at	longer	wavelengths,	the	reflectivity	decreases	more	gradually	and	can	be	
fitted	 by	 a	 1/λ4	 dependence.	 	 The	 uncoated	 silica	 nanoparticles	 showed	 a	 relatively	 flat	
response	slightly	lower	in	magnitude	than	the	PBS	reference.		
The	 1/λ4	 dependence	 of	 the	 reflectivity	 is	 in	 good	 agreement	 with	 Raleigh-Gans	
theory,	 which	 assumes	 both	 a	 small	 refractive	 index	 difference	 between	 the	 scattering	
objects	 and	 the	 surrounding	 media,	 and	 that	 ar	 is	 similar	 to	 the	 incident	 wavelength.131		
Therefore,	 the	 spectral	 response	 supports	 that	 Raleigh-Gans	 scattering	 primarily	 is	
responsible	 for	 the	 observed	 blue	 color	 rather	 than	 coherent	 scattering	 associated	 with	
structural	color.		Their	does	appear	to	be	some	spatial	variation	in	the	gel’s	reflectivity,	which	
can	be	seen	in	more	detail	in	a	five-times	enlargement	of	a	selected	camera	image	shown	in	
Figure	 53.	 	 The	 sharp	 decrease	 in	 reflectivity	 at	 shorter	 wavelengths	 may	 be	 partially	









measurements	with	quartz	 capillaries	 (low	UV	absorption)	would	eliminate	any	 remaining	
absorption	effect	from	the	glass	capillary.	
The	magnitude	of	the	reflectivity	increases	at	higher	ø,	while	the	shape	of	the	optical	
response	 remains	 unchanged.	 We	 hypothesize	 that	 increased	 ø	 leads	 to	 more	 branches	
(scatters)	 forming	 in	 the	gel,	 rather	 than	an	 increase	 in	 the	 thickness	of	 the	 individual	gel	
branches,	 which	 would	 be	 expected	 to	 change	 the	 shape	 of	 the	 reflected	 spectra.	 	 This	
hypothesis	is	consistent	with	the	decrease	in	the	gel	micro-porosity	with	increased	ø	from	the	
confocal	microscopy.		
	The	 stronger	 reflectivity	 of	 the	 PEG-NP	 gels	 could	 potentially	 be	 from	 the	 lower	
interaction	potential	of	 the	PEG-NPs,	due	to	 the	absence	of	 the	DNA	 interaction	 from	the	
colloids’	 interaction	 potential.	 	 The	 lower	 attraction	 may	 have	 allowed	 the	 PEG-NPs	 to	
overcome	the	lower	energy	kinetic	trap	and	rearrange	into	more	compact	gel	arms	with	a	
higher	average	refractive	index	than	the	fully	arrested	DNA-NP	gels.		After	about	a	week,	the	
PEG-NP	 began	 to	 locally	 reach	 their	 crystalline	 equilibrium	 state	 (Figure	 54).	 	 Such	 a	
crystallization	was	not	observed	in	the	gels	with	DNA-binding,	suggesting	that	the	stronger	





nanoparticle	 control	 sample	 with	 respect	 to	 the	 reference	 is	 likely	 due	 to	 the	 increased	










from	 dense	 transparent	 colloidal	 suspensions	 that	 only	 scatter	 light	 when	 gelled.	 The	
transparency	of	the	colloidal	dispersions	is	a	result	of	the	negligible	optical	scattering	cross-
section	of	the	colloids	due	to	a	combination	of	the	small	diameter	(l>>d)	of	the	colloids	and	
Figure	 55:	 	 Optical	 reflection	 spectroscopy	 of	 the	 PEG-NP	 (left)	 and	 DNA-NP	 (right)	 at	 different	 ø	
referenced	to	the	white	diffuser.			










nm	colloids	were	 important	 for	developing	experimental	 techniques	 for	studying	both	the	
properties	of	the	functionalized	nanoparticles	and	the	DNA-nanoparticle	gels.		These	studies	
led	 to	 the	 design	 and	 development	 of	 colloidal	 gels	with	 feature	 sizes	 that	 preferentially	
scattered	blue	light	using	functionalized	30	nm	silica	colloids.		The	novel,	two-step	DNA-PEG	
chemistry	presented	allows	 for	DNA-functionalization	of	 silica	 colloids	using	only	 aqueous	
conditions	and	 covalent	bonds	unlike	previous	methods	developed	by	other	groups.	 	 This	
strategy	could	potentially	be	applied	to	a	variety	of	materials	systems	due	to	the	flexibility	of	
functional	groups	that	can	be	attached	to	the	PEG	chains	used	in	this	approach.		The	PEG-NP	











The	 potential	 for	 generating	 coherence	 scattering	 between	 the	 colloidal	 branches	








the	 colloid-rich	 phase	 scales	 with	 the	 colloid	 diameter.	 	 Small	 angle	 x-ray	 scattering	
measurements	and	x-ray	tomography	are	also	planned	to	give	information	about	the	length-






from	 a	 single	 material.	 	 This	 chapter	 explores	 how	 colloidal	 interactions	 can	 be	 used	 to	
assemble	particles	with	non-spherical	shapes	and	more	than	one	material	using	both	DNA	
and	covalent	bonds.		The	assembly	of	non-spherical	objects	leads	to	the	formation	gels	with	
morphologies	 different	 than	 those	 accessible	 using	 only	 spherical	 colloids,	 while	 the	
formation	of	composites	opens	the	possibility	for	materials	will	enhanced	properties.	
First,	gels	made	from	two	very	different	classes	of	materials	are	used	to	demonstrate	










The	 concept	 of	 using	 colloids	 with	 very	 different	 aspect	 ratios	 and	 constituent	
materials	 to	 form	 porous	 structures	 is	 used	 as	 inspiration	 for	 the	 assembly	 of	 silicon	
nanoparticles	and	carbon	nanotubes	to	form	a	composite	battery	anode	in	the	second	part	
of	 this	 chapter.	 	 The	 incorporation	 of	 both	 an	 electrochemically	 active	 and	 a	 conductive	
component	into	an	electrode	is	a	common	strategy	for	improving	battery	performance.		The	
porous,	composite	material	is	a	possible	approach	for	addressing	some	of	the	key	challenges	
for	 in	 silicon	 electrodes;	 namely	 silicon’s	 high-volume	 expansion	 and	 the	 formation	 of	 an	









cellular	 machinery	 to	 self-replicate	 into	 millions	 of	 identical	 copies	 of	 high	 aspect	 ratio	
structures.	 	To	date,	such	high	aspect	ratio	 (of	approximately	100:1)	structures	have	been	
experimentally	challenging	to	produce	through	solvothermal	synthetic	routes,	which	typically	
rely	 on	 limiting	 the	 growth	 of	 spherical	 seeds	 certain	 directions.	 	 The	 fd-virus	 used	 here	
consists	of	a	coil	of	ssDNA	encapsulated	by	approximately	2700	gp8	proteins	with	exposed	
amine	groups,	which	are	used	to	graft	DNA	to	the	virus.134			
The	 DNA-functionalized	 fd-viruses	 are	 then	 mixed	 with	 50nm	 gold	 nanoparticles	
functionalized	with	complementary	DNA.		A	cartoon	of	the	virus-gold	composite	formed	using	
can	be	seen	in	Figure	57.		The	DNA	on	the	gold	nanoparticles	and	viruses	are	complementary	






















0.1%)	 in	 10mM	 Tris-EDTA	 buffer	 (tris(hydroxymethyl)aminomethane	 and	
ethylenediaminetetraacetic	 acid)	 and	 50	mM	NaCl.	 	 The	 colloidal	 gels	were	 imaged	 using	
























as	 the	 gel	 formation	mechanism.25,	 135	 	 A	 constant	qmax	with	 time	 shows	 that	 subsequent	
coarsening	of	the	gel	is	arrested	after	the	initial	phase	separation.		This	result	is	due	to	the	
high	energy	of	the	DNA	interaction.		The	collective	binding	energy	of	the	DNA	oligomers	is	on	

















the	 gel	 pores	 (lp)	 independently,	 providing	 complementary	 information	 to	 S(q).	 	 For	 the	
samples	quenched	to	25	°C	and	39	°C,	chord	analysis	was	performed	at	two	time	intervals	
during	 gel	 formation;	 after	 400	 seconds	where	 the	 gel	was	evolving	 and	at	 1200	 seconds	
where	the	final	gel	structure	had	formed.		At	both	quench	temperatures	and	times,	the	chord	
analysis	showed	that	the	gels	had	similar	values	for	both	la	and	lp.		The	similar	length-scales	














of	the	aggregates	(la)	 is	at	the	diffraction	limit	of	the	optical	microscopy	set-up	(𝑑[𝑥, 𝑦] ≈	
350	nm,	NA=	.7).		Although	the	value	of	the	shorter	la	cannot	be	determined	more	precisely,	




of	 the	 viruses	 by	 gold	 nanoparticles.	 	 Viruses	 bound	 perpendicular	 to	 each	 other	 would	
support	a	length-scale	at	least	as	long	as	the	virus.		Since	the	viruses	are	semi-flexible,	they	
may	also	bend	to	form	features	at	the	shorter	 length-scale,	although	there	is	an	energetic	
cost	 of	 bending.	 	 A	 complementary	 technique,	 such	 as	 in-situ	 SEM	 or	 small	 angle	 x-ray	




10	and	a	control	sample	with	only	gold	nanoparticles.	 	The	 length-scales	of	 the	aggregated	 (la)	and	













a	 thin	 film	 of	 the	 gold-virus	 composite.	 	 By	 changing	 the	 ratio	 of	 rods	 to	 spheres,	 the	
morphology	of	the	composite	film	was	tuned,	highlighting	the	opportunity	for	controlling	the	
gel	 structure	 through	 the	 geometry	 of	 the	 colloidal	 building	 blocks.	 	 This	 concept	 can	 be	
extended	 to	using	colloids	of	 various	 shapes,	aspect-ratios	and	 sizes.	 	 In	 the	next	 section,	








Colloidal	 self-assembly	 has	 potential	 advantages	 over	 conventional	 planar	 processing	 for	
improving	the	performance	of	battery	electrodes.		As	discussed	in	section	3.5,	colloidal	self-
assembly	can	be	used	to	form	porous	electrodes	with	large	surface	areas,	leading	to	improved	













15	𝐿𝑖 + 4	𝑆𝑖 ⇆ 𝐿𝑖S¯𝑆𝑖J		 	 	 	 (	28)	
The	 volume	 expansion	 puts	 both	 the	 particles	 themselves	 and	 the	 interface	 with	 their	
surrounding	materials	 under	 enormous	 stresses.	 	 Upon	 cycling,	 any	 silicon	 particles	 over	
approximately	 100	nm	will	 pulverize	 into	 smaller	 fragments.139	 	 This	 challenge	 is	 typically	
addressed	by	using	silicon	nanoparticles	or	nanowires,140	which	can	better	accommodate	the	
cyclic	stresses.		




ionically	 conductive	 but	 electronically	 insulating,	 protective	 layer	 around	 the	 anode	 and	






The	 other	 consequence	 of	 continuous	 SEI	 growth	 is	 that	 the	 silicon	 particles	 lose	
contact	with	the	surrounding	conductive	carbon	particles,	electronically	isolating	the	silicon	
from	the	circuit.	 	Maintaining	good	electrical	contact	between	the	electrochemically	active		





	 Forming	 a	 flexible	 three-dimensional	 porous	 network	 of	 silicon	 nanoparticles	













Since	 the	 formation	 of	 reversible	 bonds	 between	 the	 CNTs	 and	 the	 silicon	
nanoparticles	is	not	needed,	DNA	oligomers	were	replaced	with	covalent	bonds	to	link	two	
materials.	 	Covalent	bonds	are	expected	to	be	more	robust	under	electrochemical	cycling.		





































but	 the	 measurement	 could	 not	 be	 optimized	 to	 observe	 an	 alkyne	 signature	 in	 this	
Figure	 65:	 	 Photograph	 showing	 dispersion	 properties	 of	 carbon	 nanotubes	 in	 DMF	 reacted	with	 and	



















functionalities	have	not	been	 reported	on	 carbon	nanotubes	even	 in	 studies	of	nominally	
functionalized	carbon	nanotubes.145,	149,	150		It	was	observed	that	the	power	density	sufficient	





power	 density	 necessary	 for	 the	 Raman	measurement.	 	 The	 C-H	 stretch	 (3065	 cm-1)	 was	
observed	in	all	the	nanotube	samples	and	therefore	can	be	attributed	to	defects	in	the	CNTs	
before	modification.	








the	 aniline	 precludes	 the	 solvent	 or	 the	 initiator	 alone	 being	 sufficient	 for	 the	 change	 in	
dispersion.	
5.2.2 Functionalization	of	silicon	nanoparticles	
The	 chemical	 modification	 and	 characterization	 of	 the	 silicon	 nanoparticles	 is	 a	 less	
challenging	 problem.	 	 Silicon	 surfaces	 oxidize	 immediately	when	 exposed	 to	water	 or	 air	
forming	Si-O	and	Si-O-H	terminated	surfaces.		Chemical	modification	of	silica	surfaces	using	
silanes	and	 silane	modified	 surfaces	already	has	been	discussed	 in	 section	4.1.	 	However,	
rather	 than	 modifying	 the	 silicon	 particles	 using	 silanes,	 hydrosilylation,	 a	 direct	
functionalization	 route	 was	 pursued.	 	 In	 hydrosilylation	 reactions,	 hydrogen-terminated	
silicon	surfaces	can	bind	to	alkyne	or	alkane	groups	to	form	Si-C	bonds	 in	the	presence	of	
radicals.151,	 152	 	 The	 hydrosilylation	 route	 was	 chosen	 since	 it	 did	 not	 require	 additional	
chemical	modification	of	the	silicon	surface	and	the	reaction	could	be	catalyzed	by	applying	
an	external	stimulus	such	as	UV-light	to	the	colloidal	dispersion.		Moreover,	the	absence	of	a	
silica	 intermediate	 layer	 between	 the	 silicon	 particles	 and	 the	 carbon	 nanotubes	 and	 SEI	











The	 dispersibility	 of	 the	 hydrogen-terminated	 silicon	 nanoparticles	 in	 different	
solvents	was	tested	by	sonicating	small	volumes	of	the	silicon/hexadecane	stock	solution	in	
larger	volumes	of	dry	solvents	with	different	polarities:	toluene,	hexadecane,	tetrahydrofuran	









and	 the	 alkyne	 groups	 on	 the	 aniline	 compound	 was	 probed	 first	 without	 the	 carbon	
nanotube	substrate.	The	silicon	nanoparticles	were	dispersed	in	THF	and	sonicated	to	form	a	
stable	 dispersion.	 	 The	 aniline	 and	 the	 silicon,	 dispersed	 hexadecane/THF	 mixture,	 were	
reacted	 in	a	quartz	conical	 flask	under	UV	 illumination	to	catalyze	the	reaction.	 	A	control	
sample	without	UV	light	was	also	prepared	and	after	the	reaction	both	solutions	were	allowed	




nanoparticles	 after	 reacting	 under	 UV	 radiation,	 while	 the	 nanoparticles	 in	 the	 sample	










are	 in	 the	 figure	 print	 region	 and	 overlap	with	 Si-O	 vibrations.	 	 The	 silicon	 nanoparticles	
themselves	show	two	additional	absorption	peaks	at	1730	cm-1	and	1590	cm-1	that	are	likely	
from	contamination	 that	 leached	 from	the	polystyrene	centrifuge	 tubes	used	 to	wash	 the	
unreacted	sample.		








nanoparticle	mixture	was	mixed	with	 the	modified	 carbon	nanotubes	 in	DCM	 in	a	 conical	





Since	 the	 composite	 material	 consisted	 of	 carbon	 nanotubes	 cross-linked	 with	 silicon	
nanoparticles	using	covalently	bonds,	it	can	be	expected	to	be	mechanically	robust	and	to	be	
dried	without	collapsing	the	structure	due	to	capillary	forces.		
Transmission	 electron	microscopy	was	 performed	 to	 study	 the	morphology	 of	 the	
composite	material	(Figure	70).		The	composite	was	stable	under	the	electron	beam	and	could	
be	studied	in	detail.		As	expected	from	the	DLS	measurement,	the	silicon	nanoparticles	are	in	
agglomerates	 as	 well	 as	 isolated	 particles.	 	 Nonetheless,	 the	 silicon	 nanoparticles	 are	
dispersed	throughout	the	carbon	matrix.		The	layers	of	the	carbon	nanotubes	are	also	clearly	
visible	and	a	clear	diffraction	pattern	from	the	silicon	nanoparticles	was	observed	showing	




nanoparticles.	 	 There	 appears	 to	 be	 a	 direct	 transition	 of	 morphologies	 between	 the	
crystallinity	 of	 the	 silicon	 nanoparticles	 and	 the	 layer	 spacing	 of	 the	 carbon	 nanotubes	
without	a	disordered	region	in	between.		The	absence	of	a	disordered	region	suggests	that	
the	silicon	nanoparticles	did	not	undergo	significant	oxidation.		Oxidation	before	the	reaction	




















be	 seen	 in	 Figure	 71.	 	 	 The	 electrochemical	 behavior	 of	 the	 material	 upon	 lithiation	 is	
consistent	with	what	has	been	observed	in	silicon	anodes.137,	138,	141		At	approximately	0.8	V,	
there	is	a	plateau	showing	the	onset	of	SEI	formation.		Only	once	the	SEI	sufficiently	passivates	










irreversible.	 	 The	 carbon	 nanotubes	 are	 not	 expected	 to	 contribute	 significantly	 to	 the	
capacity	 of	 the	 electrode	 due	 to	 the	 low	mass	 (5:1)	 and	 carbon’s	 low	 theoretical	 specific	
capacity	with	respect	to	silicon	(~9:1).			
Figure	 72	 shows	 the	 electrochemical	 behavior	 of	 the	 half-cell	 under	 cycling.	 	 As	
expected,	 during	 the	 first	 delithiation	 (charge),	 only	 approximately	 1900	mA	 h	 g-1	 of	 the	
capacity	can	be	recovered.		The	capacity	loss	can	be	attributed	to	both	the	formation	of	SEI	












repeated	using	only	 glassware	 to	prepare	 the	 composite	material	 and	 should	 show	 if	 the	































in	 research.	 	 However,	 for	 applications	 that	 require	 only	 short-range	 order,	 colloidal	 self-
assembly	offers	a	three-dimensional	template	with	a	greater	range	of	feature	sizes.		Often,	
only	 short-range	order	 is	necessary	 for	most	optoelectronic,	electrochemical	 and	catalytic	
applications.		Techniques	such	as	solution	or	electrochemical	deposition	may	be	used	to	coat	
active	 materials	 onto	 the	 self-assembled	 colloidal	 templates,	 which	 can	 subsequently	 be	
removed.	
Since	the	assembly	of	colloids	is	 largely	driven	by	the	surface	interactions,	particles	































UV	 absorption,	 melt	 curve	 measurements	 are	 a	 powerful	 tool	 for	 understanding	 DNA	
hybridization.		The	wide	use	of	short	strands	of	synthetic	ssDNA	has	led	to	simple	computer	
progams	 to	 calculate	 the	 free	 energy	 of	 DNA	 hybridization	 (ΔG)	 based	 on	 the	 model	
developed	by	SantaLucia.35,	36		The	SantaLucia	model	takes	into	account	both	the	free	energy	
contributions	 of	 nearest-neighbor	 pairs	 of	 bases	 and	 the	 unpaired	 bases	 immediately	




Melt	curves	was	used	to	quantify	the	free	energy	of	hybridization	of	complementary	DNA	 sequences	 (IDT)	 with	 different	 lengths	 and	 orientations,	 same-side	 (3’,	 5’)	 and	opposite	 sides	 (5’,	 5’),	 of	 inert	 tails.	 	 The	 free	 energy	 can	be	 calculated	 from	 the	melt	temperature	and	the	concentration	of	DNA	in	solution	(ρ):	
𝛥𝐺 = 𝑅𝑇𝑙𝑛 -F				 	 	 	 	 (	29	)	
To	 generate	 the	 melt	 curves,	 short	 ssDNA	 oligomers	 were	 purchased	 commercially	
(Integrated	DNA	technologies)	with	varied	 lengths	of	binding	motifs	(7-13	bases)	and	inert	
tails	(0-11	bases).		The	amount	of	DNA	supplied	by	the	vendor	was	carefully	measured	using	
a	 nano-drop	 UV	 spectrometer	 in	 conjunction	 with	 the	 sequence	 dependent	 extinction	
coefficients	 provided	 by	 the	 IDT.	 	 Phosphate	 buffer	 saline	 (PBS)	 solutions	 of	 equal	molar	
complementary	 DNA	 strands	 were	 then	 carefully	 prepared	 and	 their	 melt	 curves	 were	
measured	at	different	salt	concentrations.		Heating	and	cooling	rates	were	chosen	to	maintain	
thermodynamic	equilibrium	(0.3	°C/min).		The	change	in	the	free	energy	of	hybridization	due	to	the	inert	tails	with	respect	to	ssDNA	sequences	without	inert	tails	can	be	defined	as:	




~0.6 kcal/mol for the opposite side configuration and ~1.3 kcal/mol for the same side 
configuration.		There	is	a	corresponding	change	in	the	melt	temperature	of	the	DNA	strands.		
Electrostatic	repulsion	between	the	inert	tails	was	hypothesized	to	be	the	mechanism	for	the	















to	 coat	 silicon	 nanoparticles	with	 polyethylene	methacrylate	 (PM)	 using	 a	 hydrosilylation	
reaction,	where	the	acrylate	group	reacts	with	the	hydrogenated-silicon	surface	to	form	Si-C	
bonds	(Figure	74).		To	form	silicon	nanoparticles	with	a	PEG	coating,	the	silicon	nanoparticles	




dispersion	 properties,	 IR	 absorption	 spectra	 and	 electrochemical	 properties.	 	 After	
functionalization,	the	SiNP-PEG	could	be	well-dispersed	in	a	range	of	solvents	including	polar	
solvents,	 compared	 to	 the	 unmodified	 SiNP	 which	 were	 best	 dispersed	 in	 THF.	 	 FTIR	
absorption	 measurements	 on	 the	 SiNP-PEG	 showed	 the	 vibrational	 signatures	 of	 PEG.		
However,	direct	evidence	of	the	hydrosilylation	reaction	could	not	be	extracted	from	the	FTIR	
measurements	 due	 to	 the	 Si-C	 absorption	 bands	 overlapping	 with	 the	 Si-O	 bands.		
Electrochemical	 measurements	 on	 SiNP-PEG	 drop-cast	 to	 form	 anodes	 showed	 a	 small	
improvement	in	capacity	fade	compared	to	anodes	made	from	uncoated	SiNP.		However,	the	
lower	 capacity	 fade	 may	 simply	 be	 attributed	 improved	 dispersion	 of	 the	 functionalized	
nanoparticles	 in	precursor	anode	solution.	 	More	careful	 studies	of	 the	potential	usage	of	
hydrosilylation	reactions	to	coat	silicon	anodes	with	an	artificial	SEI	 layer	on	planar	silicon	
Figure	74:		Hydrosilylation	reaction	between	hydrogen-terminated	silicon	and	PEG-methacrylate	in	THF.	
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substrates	that	are	150	nm	thick	are	ongoing.		Various	monomers	and	polymers	are	currently	
under	investigation	include	artificial	SEI	layers	made	from	acrylic	acid,	phosphines	and	PEO	
species	rich	with	amines.		
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